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Hollow  Cathode  Produced  Electron  Beams  for  Plasma  Generation: 
Cathode  Operation  in  Gas  Mixtures 

Scott  G.  Walton,  Darrin  Leonhardt,  and  Richard  F.  Fernsler 
Plasma  Physics  Division,  US  Naval  Research  Laboratory,  Washington,  DC  20375 

Abstract 

Pulsed  hollow  cathode  discharges,  used  to  generate  kilovolt  eleetron  beams  for  the 
produetion  of  plasmas,  were  studied  in  low  pressure  (50-70  mXorr)  backgrounds  of  argon, 
oxygen,  nitrogen,  SFs  and  mixtures  thereof  Cathode  currents  were  measured  as  a  funetion  of 
cathode  voltage,  duty  faetor,  and  relative  gas  eoneentration.  The  cathode  current  was  found 
to  have  a  dependence  on  all  variables,  with  the  greatest  impact  being  operating  gas  for  all 
voltages  and  duty  faetors.  The  ambient  gas  is  thought  to  influence  the  produetion  of 
seeondary  eleetrons  at  the  eathode  surface,  thereby  impaeting  the  operation  of  the  hollow 
cathode  diseharge  and  electron  beam  produetion. 


I,  INTRODUCTION 
A,  Background 

An  electron  beam  generated  plasma  is  the  foundation  of  the  Naval  Researeh  Laboratory’s 
Large  Area  Plasma  Proeessing  System  (LAPPS),  whieh  has  been  utilized  in  a  number  of 
materials  processing  applieations  ranging  from  deposition  to  etehing  to  surface  activation. 
High-energy  (1-5  keV)  electron  beams  are  an  efficient  way  to  ionize  a  gas  and  thus  produce  a 
high-density  (10  -  10  em'  )  plasma  over  the  volume  of  the  beam.  Typically,  LAPPS  uses 
a  sheet-like  eleetron  beam  where  the  beam  thickness  is  preserved  by  the  presenee  of  eo-axial 
magnetic  field,  usually  about  150  Gauss.  Beam  dimensions  vary  depending  on  the  beam 

souree  geometry  (width  and  thickness), 
beam  energy  and  operating  pressure 
(length)  but,  for  multi-kilovolt  beams  in  50 
-  500  mXorr  operating  pressures,  the 
system  is  capable  of  processing  surface 
areas  on  the  order  of  a  square  meter. 

For  proeessing  applieations  the 
electron  beam  source  must  be  able  to 
sustain  multi-kilovolt  beams  with  high 
eurrent  densities  (lO’s  mAJcm)  over  long 
periods  of  time,  while  operating  in  reactive 
gas  backgrounds  and/or  pressures  typieally 
above  1  mXorr.  For  these  requirements,  a 
simple  yet  praetieal  ehoice  for  an  eleetron 
beam  source  is  a  cold  cathode  or  glow 
diseharge  electron  gun  in  the  form  of  a 
hollow  eathode.  In  these  sourees,  plasma 


Fig.  1  Hollow  cathode  configurations.  (Left)  Closed 
face  hollow  cathode  used  at  NRL  for  continuous  e- 
beam  production.  (Right)  Open  face  hollow  cathode 
used  in  this  work  for  pulsed,  electron  beam 
production. 
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production  is  enhanced  by  the  ‘hollow  eathode  effect’,  which  describes  eleetron  reflection 
between  the  cathode  walls,  resulting  in  much  larger  beam  eurrents.  These  hollow  cathode 
sources  can  be  characterized  into  two  general  types:  “closed  face”  and  “open  face”  (see  Fig. 
1).  The  differenee  between  the  two  is  not  only  geometry  but  also  in  how  the  electron  beam  is 
produeed.  For  the  elosed  faee  geometry,  a  small  fraction  of  the  plasma  eleetrons  become 
beam  eleetrons  after  aceeleration  across  the  eathode  sheath  (or  other  such  accelerating 
voltage)  outside  the  hollow  cathode  aperture.  In  the  open  face  guns,  it  is  the  seeondary 
eleetrons  emitted  from  the  cathode  walls  that  form  the  beam  eleetrons  [1].  The  latter  is  the 
primary  eleetron  beam  souree  used  in  LAPPS  [2]  and  the  foeus  of  this  paper. 


time  (ms) 


time  (ms) 


Fig.  2  (a)  Ion  flux  measurements  in  50:50  Argon-Oxygen  mixtures  (from  Ref  3).  (b)  Ion  flux 

measurements  in  pure  Argon  (from  Ref  4). 

B.  Motivation 

The  experiments  in  this  paper  were  undertaken  to  understand  recent  ion  flux 
measurements  shown  in  Fig.  2(a).  The  fluxes  were  measured  at  eleetrodes  loeated  adjaeent  to 
electron  beam  generated  plasmas  produeed  in  50:50  mixtures  of  argon  and  oxygen  [3].  The 
results  are  eharacterized  by  a  large  peak  in  the  total  and  mass-resolved  ion  fluxes  shortly 
after  plasma  initiation  and  are  in  eontrast  to  measurements  shown  in  Fig.  2(b)  for  plasmas 
produced  in  pure  argon  [4],  where  the  ion  flux  grows  monotonically  toward  steady  state.  In 
these  experiments,  the  ion  flux  is  proportional  to  the  plasma  density,  whieh  evolves  as 

^  =  KJb 

The  first  term  on  the  right  hand  side  is  the  souree  term  described  by  the  ionization  rate  (kb) 
and  the  eleetron  beam  density  (jb).  The  other  two  terms  on  the  right  are  the  destruction  terms. 
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where  P  is  the  eleetron-ion  reeombination  rate,  Da  is  the  ambipolar  diffusion  eonstant,  /  is  the 
diffusion  length,  and  ne  and  ni  are  the  eleetron  and  ion  densities,  respeetively.  In  pure  argon 
(Fig.  2b),  the  behavior  has  been  previously  described  in  [4]  and  has  been  shown  to  depend 
mainly  on  the  ambipolar  diffusion  of  species.  However,  in  mixtures  containing  large  amounts 
of  molecular  gases,  the  diffusion  term  can  be  neglected  for  any  significant  diffusion  length. 
Setting  ne  «  ni,  the  solution  for  a  constant  beam  current  becomes, 

IKK,  (2) 

exp(A/0t)  +  exp(-A/0t)  ]J  (5 

Thus,  the  measured  ion  flux  shown  in  Fig.  2a  can  not  be  explained  by  gas  phase  reactions 
alone  and  likely  requires  a  time  dependent  electron  beam. 

A  comparison  of  the  cathode  currents  measured  for  each  background  mixture  using 
identical  cathode  pulses  (2  kV,  10%  duty)  is  shown  in  Fig.  3.  The  obvious  differences  are  the 


Fig.  3  Cathode  current  measurements 
corresponding  to  the  results  from  Fig.  2. 
The  total  pressure  was  50  mTorr  and  the 
cathode  was  modulated  using  a  2  kV 
pulse  operating  at  a  10%  duty  factor. 


magnitude  and  the  temporal  behavior  of  the  currents.  For  argon,  the  current  increases 
smoothly  to  a  steady  state  value  while  for  the  oxygen-argon  mixtures,  the  current  reaches  a 
maximum  before  attaining  a  steady  state.  This  difference  suggests  that  a  correlation  may 
exist  between  cathode  operation,  electron  beam  operation,  and  downstream  plasma 
characteristics;  a  correlation  that  might  explain  the  ion  flux  behavior  observed  in  Fig.  2. 

The  present  experiments  were  designed  to  address  two  broad  questions.  First,  why  is 
the  cathode  current,  in  oxygen  mixtures  different  from  pure  argon?  That  is,  what  physical 
phenomenon  leads  to  a  larger  cathode  current  and  why  is  the  temporal  behavior  altered  with 
the  addition  of  oxygen?  Second,  how  is  cathode  operation  related  to  plasma  production  and 
the  measured  ion  fluxes?  More  specifically,  are  changes  in  cathode  operation  producing  a 
strong  temporal  variation  in  electron  beam  production?  It  is  worth  noting  that  a  better 
understanding  of  this  behavior  is  more  than  cathode  physics,  since  cathode  operation  is  a 
critical  component  in  the  development  of  this  materials  processing  system. 
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II,  EXPERIMENTAL 

Two  chambers  were  used  for  these 
experiments,  and  both  have  been 
previously  deseribed.  Most  work  was 
earned  out  in  a  reetangular,  stainless  steel 
ehamber  [4],  The  Ar/SFe  and  one  set  of  the 
Ar/02  experiments  were  performed  in  a 
eylindrieal,  aluminum  ehamber.  Despite 
the  ehamber  differenees,  internal  system 
and  eathode  eonstruetion  were  similar  and 
are  represented  in  Fig.  4.  The  eathodes 
were  eneased  in  a  grounded  shield  but 
separated  from  it  by  an  insulator. 

Downstream  is  a  grounded  anode,  whieh 
has  a  slot  through  whieh  the  emergent 
eleetron  beam  passes  before  terminating  at 
a  final  ground  anode.  Beeause  of  system 
differenees,  a  direet  eomparison  of  eathode  eurrent  or  ion  flux  magnitude  is  not  useful,  sinee 
differenees  in  ehamber  geometries,  eathode  eonstruetion,  and  eathode-anode-anode  lengths 
all  influenee  plasma  produetion.  However,  these  nuanees  should  not  affeet  relative  eathode 
operation  in  varying  gas  mixtures. 

Gases  were  introdueed  via  mass  flow  eontrollers  and  operating  pressure  was  aehieved 
by  ehoking  gas  flow  at  the  entranee  to  the  turbo  pumps  using  a  gate  valve.  The  gate  valve 
was  positioned  to  maintain  the  total  pressure  of  pure  argon  at  50  seem  flow.  For  the  gas 
mixtures,  partial  pressures  were  aehieved  by  adjusting  relative  gas  flows,  and  the  moleeular 
gas  partial  pressures  were  measured  separately  (i.e.,  in  the  absenee  of  argon).  Using  this 
approaeh,  the  total  gas  flow  and  pressure  were  nominally  eonstant.  However,  a  small  error 
(+/-  5%)  is  expeeted  in  the  pressures  given  that  the  relative  pumping  speed  of  eaeh  gas  is 
expeeted  to  vary  in  gas  mixtures. 

The  eathode  voltage  was  measured  near  the  ehamber  feedthrough  using  a  voltage 
divider,  and  the  eathode  eurrent  was  measured  using  a  Rogowski  eoil.  The  signals  from  eaeh 
was  fed  to  a  digital  oseilloseope  and  averaged  over  1000  pulses.  Before  reeording  the  signals, 
a  few  minutes  were  allowed  to  elapse  to  let  the  system  settle  into  eonstant  operation. 

Ion  eurrents  at  the  stage  were  measured  using  a  -  lOV  de  bias  to  repel  plasma 
eleetrons.  The  eurrent  was  determined  by  measuring  the  voltage  drop  aeross  a  10  Q  resistor 
between  the  power  supply  and  ground. 

III.  RESULTS 

Cathode  operation  was  first  investigated  under  normal  LAPPS  operation  with  a  150 
Gauss  magnetie  field.  Shown  in  Fig.  5  are  the  eathode  eurrents  and  stage  eurrents  measured 
simultaneously  using  variable  oxygen  flows.  The  eathode  was  pulsed  to  2  kV  for  3  ms  at  a 
10%  duty,  and  the  total  pressure  was  fixed  at  50  mTorr.  The  eurrent  was  found  to  inerease 
with  inereasing  oxygen  eoneentration.  At  higher  oxygen  eoneentrations  the  eurrent  shows  a 
slight  peak  before  reaehing  steady  state.  The  stage  eurrents  show  a  similar  peak  early  in  time. 


1 

L 

electron  beam 

■ 

_ ^1 

Fig.  4  General  experimental  setup  used  in  this  work 
eonsisting  of  a  hollow  eathode,  a  grounded  anode  with 
a  slot  through  whieh  the  beam  passes,  and  a  grounded 
termination  anode. 
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Fig.  5  (a)  Cathode  currents  produced 

in  various  relative  concentrations  of  O2 
in  argon,  (b)  Ion  currents  measured  at  an 
electrode  located  between  the  two 
anodes  in  Fig.  4  and  approximately  1 .2 
cm  from  the  electron  beam  axis.  A 
biased  of  -10  Vdc  was  applied  to  the 
electrode.  Conditions  were  100  seem 
total  gas  flow,  50  mTorr  total  pressure,  2 
kV  cathode  pulse,  3  ms  pulse  width,  and 
a  10%  duty. 


1  2  3  4  5  6  7 

time  (ms) 

and  the  results  support  the  previous  ion  flux  measurements  [Fig  2(a)].  It  is  important  to  note 
that  a  direet  eomparison  is  diffieult  beeause  the  ion  flux  measurements  of  Fig.  2(a)  were 
aequired  at  a  grounded  stage. 

Shown  in  Fig.  6  is  the  temporal  evolution  of  the  eathode  eurrent  in  argon/oxygen  as 


time  (ms) 


Fig.  6  Cathode  current  in  various 
relative  concentrations  of  O2  in  argon  (a) 
with  and  (b)  without  the  applied 
magnetic  field.  Conditions  were  50 
mTorr  total  pressure,  2  kV  cathode 
pulse,  3  ms  pulse  width,  and  a  10%  duty. 
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well  as  pure  gases.  The  presenee  of  the  magnetic  field  will  influence  cathode  operation,  so 
the  experiments  were  repeated  in  the  absence  of  the  magnetic  field.  As  expected,  the  current 
increased  with  magnetic  field  strength,  and  especially  so  when  the  oxygen  concentration  was 


time  (ms) 


Fig.  7  Cathode  current  in  various 
relative  concentrations  of  O2  in  argon 
(50  mTorr  total  pressure)  without  the 
applied  magnetic  field  and  operating  at  a 
30%  duty  factor. 


less  than  50%.  The  experiments  in  Ar/02  mixtures  were  repeated  using  higher  duty  factor 
cathode  operation,  again  in  the  absence  of  the  magnetic  field.  The  results  are  shown  in  Fig.  7 
for  a  cathode  pulsed  to  2  kV  for  3  ms  at  a  30%  duty.  While  the  cathode  current  still  increases 
with  increasing  oxygen  concentration,  the  increase  is  smaller  than  for  10%  duty  factor 
operation. 

Shown  in  Fig.  8  is  the  temporal  evolution  of  the  cathode  current  at  various  applied 
cathode  voltages  (10%  duty).  The  total  pressure  was  increased  to  70  mTorr  in  these 
measurements  to  so  that  a  reasonable  cathode  current  could  be  achieved  at  the  lowest 


Fig.  8  Cathode  current  in  (a)  pure 
argon  and  (b)  10%  O2  in  argon  for  a 
range  of  applied  voltage  pulses. 
Conditions  were  70  mTorr  total  pressure, 
3  ms  pulse  width,  and  a  10%  duty. 


time  (ms) 
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applied  cathode  voltage.  Fig.  8(a)  shows  the  results  in  pure  argon  and  Fig.  8(b)  shows  the 
results  for  Ar/02  mixtures  containing  approximately  10%  oxygen. 

In  order  to  further  determine  the  importance  of  oxygen  in  cathode  operation,  the 
experiments  using  a  2kV  cathode  pulse  operating  at  10%  duty  were  repeated  using  nitrogen 
and  SFs  as  diluting  gases.  Shown  in  Fig.  9  are  the  results  for  magnetized  and  non-magnetized 
cathode  operation  in  Ar/Ni  mixtures  and  pure  gases.  In  contrast  to  oxygen,  increasing 
nitrogen  serves  to  decrease  the  cathode  current  and  only  in  the  absence  of  a  magnetic  field 
does  the  cathode  current  show  a  maximum  early  in  time  at  large  nitrogen  concentrations 
(ignoring  any  ignition  effects).  Experiments  using  SFe  mixtures  were  performed  in  the 
aluminum  chamber  in  the  absence  of  a  magnetic  field.  The  results  are  shown  in  Fig.  10  and 
are  very  similar  to  those  for  oxygen;  in  particular,  the  magnitude  increases  with  increasing 
SFe  flow  (with  the  exception  of  the  lowest  concentration),  and  the  current  has  a  maximum 
early  in  time  at  large  concentrations. 


time  (ms) 


Fig.  9  Cathode  current  in  various 
relative  concentrations  of  N2  in  argon  (a) 
with  and  (b)  without  the  applied 
magnetic  field.  Conditions  were  50 
mTorr  total  pressure,  2  kV  cathode 
pulse,  3  ms  pulse  width,  and  a  10%  duty. 


The  results  for  all  measurements  are  summarized  in  Fig.  1 1  where  the  average 
currents,  over  a  selected  range  of  times  (see  figure),  are  plotted  as  a  function  of  partial  gas 
pressure.  The  figure  illustrates  the  increase  or  decrease  in  cathode  current  with  increasing 
oxygen,  SFe,  and  nitrogen  relative  concentrations.  For  O2,  the  increase  in  cathode  current  is 
less  when  the  cathode  voltage  is  modulated  at  a  greater  duty  factor  and  a  comparison  of  the 
normalized  relative  increases  is  shown  in  Fig.  12  for  the  current  averaged  over  the  entire 
pulse  width  (0-3  ms).  The  normalized  relative  increase  (open  symbols)  was  found  by 
subtracting  the  cathode  current  in  pure  argon  (zero  O2  concentration)  from  the  current  at  a 
given  oxygen  partial  pressure  and  then  normalizing  by  the  pure  argon  current  (i.e.  [1(02)- 
I(Ar)]/  I(Ar)  ).  Also  shown  is  the  normalized  difference  (closed  symbols)  between  the  results 
for  the  two  duty  factors  (i.e.  [RI  10%  -  Rl3o%  ]/  RIio%  ).  The  normalized  difference  is  large 
only  for  small  concentrations  of  oxygen. 
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Fig.  10  Cathode  current  in  various 
relative  concentrations  of  SFs  in  argon 
without  the  applied  magnetic  field. 
Conditions  were  50  mTorr  total  pressure, 
2  kV  cathode  pulse,  3  ms  pulse  width, 
and  a  10%  duty. 


The  results  for  the  current  vs.  applied  cathode  voltage  measurements  are  summarized 
in  Figs.  13  and  14.  Fig.  13  shows  the  average  currents  over  selected  time  spans  for  both  pure 
and  diluted  argon  (10%  oxygen).  The  effect  of  oxygen  is  demonstrated  in  Fig.  14,  which 
shows  the  relative  difference  between  the  results  in  Fig.  13  for  the  0-1  ms  time  range  and  the 
entire  pulse  width.  Because  the  voltages  were  slightly  different  for  each  gas  mixture  (<  5%), 
the  voltage  used  for  these  results  is  the  average  value.  Also  shown  is  the  difference  using 
linear  fits  of  the  average  currents  over  the  entire  pulse  width.  The  results  from  Fig.  13  are  not 
quite  linear,  so  the  relative  difference  from  the  fits  vary  slightly  from  the  difference  using  the 
data.  The  key  point,  however,  is  that  the  diluents  had  the  greatest  effect  at  low  voltage. 


IV.  DISCUSSION 

The  hollow  cathode  used  in  these  experiments  was  open  faced  and  as  such,  the 
electron  beam  is  composed  of  secondary  electrons  from  the  cathode  surface  (rather  than 
extracted  plasma  electrons).  Nearly  all  secondary  electrons  emitted  from  surfaces  in  contact 
with  plasmas  are  either  photon-induced  or  ion-induced  and,  in  the  literature,  the  extent  to 
which  either  contributes  varies  according  to  author.  What  is  not  disputed  is  the  effect  of 
surface  conditions  on  the  magnitude  of  the  secondary  electron  emission  coefficient  (y).  In 
these  experiments,  gas  adsorption  will  play  a  considerable  role  in  altering  the  physical  and 
chemical  surface  properties.  Such  changes  can  influence  photon-induced  electron  emission, 
which  requires  photon  energies  in  excess  of  the  surface  work  function.  Ion-induced 
secondary  electron  emission  is  also  dependent  upon  the  surface  conditions  and  can  be 
separated  into  two  types;  kinetic  and  potential  emission.  Kinetic  emission  results  from 
momentum  transfer  to  an  electron,  which  is  then  energetic  enough  to  overcome  the  work 
function.  Given  the  large  mass  discrepancy  between  the  ion  and  electron,  kinetic  emission 
requires  a  large  ion  velocity.  Potential  emission  occurs  when  an  ion,  in  close  proximity  to  the 
surface,  is  neutralized  by  an  electron  tunneling  from  the  surface  conduction  band.  The  energy 
released  by  this  is  sufficient  to  allow  a  second  electron  to  enter  into  the  gas  phase.  Typically 
this  occurs  when  the  ionization  potential  is  more  than  twice  the  work  function  and  has  no 
dependence  on  ion  velocity.  Although,  the  probability  for  potential  emission  is  small 
compared  to  kinetic  emission  when  incident  ion  energies  enter  the  keV  range. 

A  surface  in  contact  with  a  plasma  is  a  very  dynamic,  with  deposition  countered  by 
emission  of  both  charged  and  neutral  species.  This  is  particularly  true  when  the  plasma  is 
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modulated.  In  the  absence  of  the  plasma,  deposition  from  the  gas  phase  serves  to  build  up  an 
adsorbed  layer.  Consider  for  example,  1  mTorr  of  oxygen  at  room  temperature.  The  gas 
density  ng  =  3.5x10^^  cm'^  and  velocity  v  =  4.8x10"^  cm/s  produces  a  flux  F=  1.7x10^*  cm'^s'^ 
It  takes  about  I  ms  to  accumulate  one  monolayer  using  a  sticking  coefficient  of  1%  [5].  For  a 
plasma  generated  under  the  same  conditions  having  a  density  on  the  order  of  lO''  cm'^  and  an 
electron  temperature  of  0.5  eV,  the  ion  flux  would  be  on  the  order  of  10  cm'  s.  If  the 
sticking  coefficient  is  1%  and  the  sputter  yield  is  one,  the  deposition  rate  would  be  balanced 
by  the  removal  rate  and  the  surface  would  remain  gas  free.  It  is  important  to  recognize  the 
importance  of  sticking  coefficients  and  sputter  yields  in  this  example.  In  fact,  these  values  are 
dependent  upon  the  surface  conditions.  For  example,  with  increasing  coverage,  the  sticking 
coefficient  decreases  while  the  sputter  yield  will  generally  increase.  For  modulated  plasma 
production,  where  periods  of  only  deposition  are  followed  by  periods  of  both  deposition  and 
sputtering,  a  more  complicated  approach  is  required. 

It  is  with  these  ideas  in  mind,  that  we  discuss  the  results  for  these  experiments  and  outline 
an  argument  for  the  observed  results. 

A,  Cathode  current  measurement 

The  measured  cathode  current  consists  of  both  positive  ions  (//)  impacting  the  cathode 
surface  and  negative  species  leaving  the  surface,  with  the  dominant  negative  species 
expected  to  be  secondary  electrons  (4).  The  current  can  be  written  as: 

h=iAi,=rii+ii=ii(^+r),  (3) 

where  y  is  the  secondary  emission  coefficient.  An  increase  or  decrease  in  measured  cathode 
current  will  thus  reflect  an  increase  or  decrease  in  ion  current  and/or  secondary  electron 
emission.  Most  likely  it  reflects  an  increase  in  both,  since  an  increase  in  secondary  electrons 
will  increase  ionization  in  the  hollow  cathode,  resulting  in  a  larger  ion  current.  It  is  worth 
noting  that  the  equation  ignores  photon,  fast  neutral,  or  metastable-induced  secondary 
emission.  However  for  most  conditions  in  this  work,  ion-induced  secondary  emission  is 
expected  to  be  the  dominant  source  of  electrons  [6]. 

The  cathode  in  this  work  is  brass,  a  copper-zinc  alloy,  and  the  secondary  electron  yields 
for  clean  brass  are  unknown.  However,  the  yields  for  copper  were  found  to  be  in  the  range  of 
0.2  to  0.8  for  2.0  keV  Ar"^  ions  [6,7,8],  while  the  yields  for  zinc  are  about  75%  those  of 
copper  [8].  Generally,  ions  with  a  lower  mass  would  have  a  greater  yield  than  heavier  ions 
[8].  This  was  observed  for  molecular  nitrogen  and  oxygen  compared  to  argon  ions  impacting 
single  crystal  <100>  tungsten  in  the  kilovolt  range  [9],  although  this  mass  relationship  should 
not  be  extrapolated  to  all  molecular  ions  and  all  substrates.  In  the  case  of  substrates  with 
some  form  of  adsorbate  on  the  surface  (for  which  the  brass  data  exists),  the  yields  are 
approximately  an  order  of  magnitude  higher  than  clean  substrates  upon  2  keV  Ar^  ion  impact 
[6].  Given  this  large  difference,  it  becomes  important  to  consider  cathode  currents  for  various 
operating  conditions,  particularly  background  gas. 

B.  Gas  comparison 

The  results  of  Fig.  1 1  show  an  increase  in  cathode  current  with  increasing  oxygen  and 
SFe  concentrations.  Increasing  nitrogen  concentrations,  on  the  other  hand,  show  a  decrease  in 
current. 
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It  is  difficult  to  explain  these  results  using  only  gas-phase  relationships.  The  total  ionization 
eross-seetions  for  nitrogen  and  oxygen  are  virtually  identieal  and  are  a  maximum  of  25% 
higher  than  that  of  argon  from  0.2  to  2.0  keV  [10].  For  SFs,  the  eross  seetion  is  nearly  4  times 
greater  than  argon  over  a  similar  range  of  energies  [11].  The  addition  of  moleeular  speeies, 
however,  will  provide  an  additional  eharge  destruetion  meehanism  when  eompared  to  argon 
in  the  form  of  eleetron-ion  reeombination.  The  rates  are  signifieant  and  should  offset  any 
inerease  in  produetion  rates,  thereby  lowering  the  steady-state  plasma  density  and  in  turn, 
redueing  the  cathode  eurrent.  This  reduetion  is  only  observed  for  nitrogen. 
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Fig.  11  Summary  of  non-magnetized 
cathode  operation  as  a  function  of  O2,  N2, 
and  SFg  partial  pressure.  The  currents  were 
averaged  over  different  fractions  of  the 
pulse  time,  as  indicated. 


However,  it  is  well  known  that  adsorbed  gas  on  a  surfaee  will  influenee  the  seeondary 
emission  eoeffieient  and  depending  on  the  adsorbate,  metal,  and  projeetile  eharaeteristies, 
will  either  inerease  or  deerease  the  eleetron  yield  [12].  It  is  important  to  eonsider  the 
adsorption  of  these  gases  at  the  surfaee  of  the  eathode.  The  adsorption  on  brass  is  unknown 
but  for  eopper,  N2  at  room  temperature  will  not  form  a  strong  bond  and  resides  on  the  surface 
as  a  moleeule  [13].  This  would  suggest  the  adsorption  is  limited  to  a  monolayer  and  exclude 
the  formation  of  any  nitride  (Atomie  nitrogen  however,  strongly  reaets  with  copper 
surfaees.).  Oxygen  on  the  other  hand,  will  form  a  strong  bond  and  dissoeiatively  ehemisorbs 
as  atoms  on  the  surface  [13],  thereby  inereasing  the  likelihood  of  oxide  formation.  It  is  also 
worth  noting  that  the  work  funetion  of  both  eopper  and  zine  are  lower  than  the  surfaee  work 
funetion  when  oxygen  is  adsorbed  [14].  The  behavior  of  SFe  is  unknown  but  given  that  it’s 
eleetronegative  like  O2  (mueh  stronger  so),  it  is  assumed  to  dissoeiate  and  strongly  bond  to 
eopper  as  either  sulfur  or  fluorine. 

The  above  discussion  applies  mainly  when  the  plasma  is  off  When  the  plasma  is  on, 
the  surfaee  should  evolve  in  quite  a  different  manner.  Nitrogen  atoms  will  reaet  with  eopper 
(and  presumably  brass),  and  it  is  expeeted  that  the  nitride  formation  would  oeeur  in  the 
presenee  of  the  plasma.  Ion  beam  studies  of  N2^  and  ions  impaeting  Cu(lOO)  with 
energies  from  20  to  800  eV,  have  shown  the  presenee  of  both  surfaee  and  subsurfaee  nitrogen 
[15].  Surfaee  speeies  likely  result  from  a  flux  of  atomie  ions  and  the  dissoeiation  of 
moleeular  ions  when  they  strike  the  surfaee.  The  subsurfaee  speeies  are  probably  the  result  of 
ion  implantation  at  higher  energies  (>  200  eV).  In  glow  diseharge  sputtering  of  brass 
eathodes  in  nitrogen  plasmas  [16],  the  ineorporation  of  nitrogen  was  found  to  extend  as  deep 
as  6  nm  with  a  peak  relative  atomie  eoneentration  of  N  of  approximately  0.75  at  roughly  3 
nm.  For  these  results,  the  diseharge  was  operated  for  about  24  hours,  the  pressure  was  110 
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mTorr,  the  discharge  current  was  0.5  mA/cm^,  and  the  ion  energy  was  estimated  to  be  700 
eV.  It  is  also  worth  noting  that  Cu  is  preferentially  sputtered  over  Zn,  and  at  the  peak 
nitrogen  concentration  the  concentrations  are  0.15  and  0.1  respectively,  compared  to  the  bulk 
values  of  0.63  and  0.37. 

The  formation  of  an  oxide  or  nitride  layer  on  the  surface  is  an  important  consideration 
since  there  is  evidence  that  such  layers  at  the  surface  can  increase  the  secondary  electron 
emission.  For  oxidized  metal  surfaces,  emission  is  almost  always  larger  [17].  Similar  data  for 
metal  nitrides  is  more  difficult  to  find.  However,  in  reactive  sputter  deposition,  a  decrease  in 
the  target  voltage  (at  constant  power  operation)  is  an  indication  of  increasing  secondary 
electron  emission  and  typically,  when  the  partial  pressures  of  both  oxygen  and  nitrogen 
reaches  some  critical  value,  the  target  voltage  decreases  [18].  For  reactive  sputter  deposition 
of  copper  nitride  [19],  this  was  found  to  be  true.  On  the  other  hand,  small  oxygen,  nitrogen, 
or  other  gas  coverage  (up  to  a  monolayer)  can  result  in  a  decrease  in  the  yields  [20,21]. 
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Fig.  12  Change  in  cathode  current  as  a 
function  of  O2  partial  pressure.  Open 
symbols  show  the  relative  increase  with 
respect  to  pure  argon  (zero  O2)  at  10% 
and  30%  duty.  The  solid  symbols 
represent  the  normalized  difference 
between  the  results  for  10%  and  30% 
duty. 


While  the  available  support  in  the  literature  remains  incomplete,  it  could  be  inferred  that 
the  discharge  current  increases  with  the  addition  of  oxygen  and  SFe  because  of  a  larger 
secondary  emission  coefficients  resulting  from  adsorbed  gas  on  the  surface.  In  the  case  of 
oxygen,  the  formation  of  metal-oxide  layers  is  likely,  given  the  interaction  of  oxygen  with 
the  brass  (Cu  and  Zn)  cathode  both  while  the  plasma  is  on  and  off.  A  similar  explanation 
could  be  expected  for  SFe  because  of  the  similarities  in  reactivity.  The  results  for  nitrogen 
remain  difficult  to  understand.  If,  however,  nitrogen  adsorption  is  limited  to  a  thin  molecular 
layer  and  the  plasma  duration  is  short  enough  such  that  nitrogen  incorporation  leading  to 
metal-nitride  formation  is  limited  [22],  it  is  plausible  that  there  is  no  significant  change  in  the 
secondary  emission  coefficient.  In  that  case,  gas-phase  reactions  lead  to  a  reduction  in  the 
plasma  density  and  cathode  current. 

C.  Duty  factor  comparison 

If  adsorbed  gas  does  increase  the  secondary  emission  coefficient,  one  would  expect  an 
increase  in  emission  with  increasing  adsorption.  To  further  explore  this,  the  cathode  was 
operated  in  oxygen  at  different  duty  factors  and  Fig.  1 1  shows  a  lower  cathode  current  when 
the  cathode  is  operated  at  higher  duty  factors.  A  more  careful  analysis  using  normalized 
current  differences  as  a  function  of  oxygen  concentration  (see  Fig.  12),  indicates  that  not  only 
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is  the  cathode  current  larger  at  lower  duty  factors,  but  the  difference  is  greatest  at  lower 
oxygen  concentrations.  To  better  understand  these  results,  consider  the  following;  The 
amount  of  time  off  in  the  case  of  10%  duty  is  roughly  27  ms,  while  at  30%  it  is  7  ms.  A 
longer  exposure  to  oxygen,  in  the  absence  of  plasma,  would  thus  allow  for  a  thicker  adsorbed 
layer.  This  is  only  true  for  a  constant  sticking  coefficient.  It  is  known,  however,  that  the 
sticking  coefficient  decreases  with  coverage  [23]  and  so  for  large  oxygen  concentrations,  the 
coverage  saturation  would  be  largely  independent  of  off  time  (or  duty  factor).  This  effect 
could  explain  the  larger  current  seen  at  lower  duty  factors  and  the  larger  relative  difference 
seen  between  high  and  low  duty  factor  operation  at  low  oxygen  partial  pressures. 


Fig.  13  Summary  of  the  results  shown 
in  Fig.  8  for  cathode  currents  averaged 
over  different  fractions  of  the  pulse  time, 
as  indicated. 


D,  Cathode  current  vs,  applied  voltage 

The  results  of  Figs.  13  and  14  are  interesting  for  a  number  of  reasons.  First,  the  trends  in 
current  vs.  voltage  for  both  pure  argon  and  Ar/(10%)O2  indicate  a  nearly  linear  relationship 
for  energies  above  1 .2  keV  (slightly  higher  in  pure  argon),  before  leveling  off  at  low 
energies.  This  type  of  behavior  is  similar  to  ion- induced  secondary  electron  yield 
measurements  over  energies  commensurate  with  the  applied  cathode  bias  [24].  For  yield 
measurements,  it  is  argued  that  the  emission  mechanism  at  low  energies  will  have  a 
contribution  from  potential  effects,  which  only  requires  that  the  incoming  ion’s  ionization 
potential  {Eip  )  is  at  least  twice  the  target  work  function  {(p)  and  thus  has  no  kinetic  energy 
threshold.  The  yield  can  be  expressed  quantitatively  as  [25], 

rpe=cc(PE.p-2(p).  (4) 

At  higher  energies  the  yield  varies  linearly  with  kinetic  energy  [12]. 

Another  interesting  observation  is  the  relative  difference  between  currents  at  low 
voltages.  While  it  was  previously  argued  that  the  yields  for  oxides  exceeds  that  for  clean 
metals,  one  must  also  note  that  the  data  for  10%  O2  mixtures  will  contain  some  amount  of 
02^  and  to  a  lesser  extent,  ions.  From  the  potential  emission  relationship  above,  one  might 
expect  a  smaller  difference  at  low  energies,  given  the  lower  ionization  potential  of  02^  (12.3 
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Fig.  14  Relative  difference  between 
the  pure  argon  and  10%  O2  dilution 
results  of  Fig.  8.  Solid  symbols  represent 
the  difference  between  data  points  and 
the  open  squares  are  the  difference 
between  best  fits  of  the  0-3  ms  average 
data. 


eV)  compared  to  Ar^  ions  (15.7  eV).  However,  the  lower  average  mass  of  the  oxygen  ions 
eompared  to  argon  eould  lead  to  a  larger  kinetie  emission  and  would  indicate  potential 
emission  is  not  as  important  for  the  oxygen  covered  surfaee.  Indeed,  the  linear  relationship 
for  the  Ar/(10%)O2  extends  to  lower  applied  cathode  voltages  and  the  relative  difference  is 
more  eonstant  for  eathode  voltages  above  1  kV. 

The  trends  in  Figs.  13  and  14  eould  suggest  ion-induced  secondary  electron  emission  is 
the  dominant  source  of  eleetrons  for  sustaining  the  plasma  over  the  eathode  voltages  in  this 
work.  However,  this  eompletely  disregards  well-known  diseharge  physios,  whioh  prediots  an 
inorease  in  discharge  current  with  voltage  when  in  the  abnormal  glow  regime,  independent  of 
emission.  That  is  not  to  say  the  observed  increase  in  eathode  current  must  depend  on  only 
one  effeot.  Indeed,  it  is  likely  a  oombination  of  both  surfaee  and  diseharge  phenomenon. 

E.  Time-dependent  secondary  electron  yield 

The  above  data  clearly  shows  the  influence  of  operating  atmosphere  on  the  cathode 
ourrent,  and  the  above  arguments  suggest  the  main  reason  for  the  observed  increase  in 
oxygen  and  SFe  baekgrounds  is  an  inerease  in  the  ion-indueed  seeondary  electron  yield, 
whieh  is  eaused  by  adsorbed  gas.  In  order  to  understand  this  behavior,  consider  the 
relationship  of  Eq.  1.3  and  assume  the  inerease  in  eathode  eurrent  with  increasing  oxygen 
concentration  is  simply  due  to  an  inorease  in  the  secondary  emission  coefficient.  In  this 
approximation,  the  increase  in  eathode  ourrent  at  a  given  oonoentration  of  oxygen  is  the 
produot  of  the  pure  argon  current  and  the  emission  ooeffioient.  Its  evident  however  that  this 
relationship  is  not  valid  early  in  time,  and  so  in  order  to  explain  the  results  using  only 
secondary  emission,  a  time-dependent  secondary  electron  yield  must  be  considered.  By 
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I  Fig.  15  Model  of  a  time-dependent 

Lu  secondary  electron  emission  coefficient. 

^  (a)  Time-dependent  emission 

coefficients  for  10%  and  50%  O2 
dilutions  and  (b)  the  resulting  calculated 
cathode  currents  using  those  coefficients 
along  with  the  measured  cathode 
currents. 


inspection,  the  variation  in  the  coefficient  must  occur  early  in  time  in  order  to  achieve  the 
results  observed  for  larger  concentrations  of  molecular  gas  (>  10%).  Using  the  relationship  of 
Eq.  3,  a  time-dependent  emission  coefficient  was  determined  by  a  best- fit  approach  using  the 
measured  currents;  the  results  are  shown  in  Fig.  15.  Time-dependent  emission  coefficients 
are  shown  in  Fig.  15  (a),  and  the  calculated  cathode  currents  using  those  coefficients  are 
shown  by  lines  in  Fig.  15(b),  along  with  the  measured  currents  indicated  by  symbols. 

While  these  simple  models  are  clearly  inadequate,  given  that  no  plasma  physics  or  gas- 
phase  chemistries  are  considered,  the  results  are  useful  in  illustrating  how  the  emission  of 
electrons  influences  cathode  operation.  The  physical  basis  for  a  time-dependent  emission 
coefficient  is  not  unreasonable,  given  the  relationship  to  adsorbate  coverage  and  the  dynamic 
nature  of  the  cathode  surface  in  pulsed  plasma  generation.  The  temporal  behavior  of  the 
secondary  emission  coefficient  shown  in  Fig.  15  would  be  similar  to  the  cathode  surface 
coverage  in  that  it  would  be  highest  right  before  plasma  ignition,  a  period  of  only  gas 
adsorption.  The  coefficient  would  then  decrease  due  the  weakly  bound  gas  species 
(physisorption)  are  removed  by  ion  impact.  Finally,  the  coefficient  would  reach  some  steady 
state  value  once  the  removal  is  balanced  by  adsorption.  It  is  important  to  recognize  that  the 
complete  removal  of  gases  from  the  surface  is  very  unlikely  in  this  work  since  the  neutral-ion 
flux  ratio  is  ~  100,  for  1  mTorr  and  a  10  cm'  plasma  density. 

It  is  also  interesting  to  note  that  for  the  case  of  10%  oxygen  background,  the  emission 
coefficients  are  not  far  from  a  commonly  accepted  yield  of  10%.  In  the  case  of  50%  oxygen 
concentration,  yields  above  100%  are  required  but,  as  noted  above  the  yields  for  oxide 
coatings  can  be  quite  high. 
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V.  SUMMARY  AND  CONCLUSION 

The  Naval  Research  Laboratory’s  Large  Area  Plasma  Processing  System  (LAPPS) 
uses  hollow  cathode  discharges  to  generate  the  high-energy  electron  beams  that  form  the 
plasma  source  in  the  processing  system.  In  these  experiments,  pulsed  hollow  cathode 
operation  was  investigated  in  a  variety  of  pure  and  diluted  background  gases.  Particular 
attention  was  focused  on  argon  diluted  with  nitrogen,  oxygen,  and  SFe.  Generally,  for  varied 
operating  conditions  (applied  voltage,  duty  factor)  the  cathode  current  was  found  to  increase 
with  increasing  concentrations  of  both  oxygen  and  SFe,  but  for  nitrogen,  the  current  was 
found  to  decrease  with  increasing  nitrogen  concentrations.  The  results  were  explained  by 
considering  the  adsorption  of  gases  on  the  surface  of  the  cathode,  which  can  cause  an 
increase  in  the  ion-induced  secondary  electron  emission.  During  the  pulse,  temporal 
dependencies  in  the  cathode  current  were  evident  and  depended  on  the  relative  concentration 
of  the  molecular  gases.  These  behaviors  were  considered  in  the  context  of  a  simple  time- 
dependent  secondary  emission  coefficient,  which,  in  the  absence  of  a  more  comprehensive 
plasma  model,  could  capture  the  general  observed  behavior. 

The  results  are  interesting  but  limited.  A  more  careful  study  is  required  to  fully 
understand  the  influence  of  background  gas  on  pulsed,  hollow  cathode  operation.  One 
complicating  aspect  of  this  work  is  the  use  of  brass  cathodes  since  there  is  not  much 
supporting  work  available  in  the  literature.  Indeed,  much  of  the  adsorption  discussion  is 
based  on  the  brass  constituents,  rather  than  the  brass.  Other  LAPPS  cathodes  are  constructed 
from  stainless  steel  and  while  more  common,  there  is  again  limited  supporting  evidence  in 
the  literature.  A  more  definitive  study  would  involve  cathode  material  that  is  well  understood 
in  terms  of  gas  adsorption.  Aluminum  is  a  good  choice  given  that  it  is  non-magnetic  and  has 
well-known  adsorption  properties. 
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APPENDIX  A 

For  the  ion  flux  in  oxygen  mixtures  shown  in  Fig  2a,  it  is  apparent  that  gas  phase  reactions 
alone  cannot  fall  short  of  explaining  the  measured  temporal  behavior.  The  total  ion  flux 
peaks  at  about  215  )lis  after  the  plasma  initiation  (the  small  offset  from  t  =  0  is  due  to  the 
time-of-flight  in  the  mass  spectrometer)  and  has  a  FWHM  of  approximately  340  |us.  The 
characteristic  decay  times  (1/e)  taken  from  the  peak  in  the  flux  measurements  are  ^(Oi^)  = 
158  p-S,  T:(Ar^)  =  175  ps,  and  x  (O"^)  =  165  ps.  Gas  phase  electron-ion  and  ion-ion  reactions 
are  important  destruction  mechanisms  in  these  plasmas  [26]; 


02^  +  e  ^  20; 

ka  =  2xl0'^  Te'^'^cmVs 

0^  +  O2  ^  0  +  02^; 

ka  =  2x10"''  cmVs 

Ar^  +  O2  ^  Ar  +  02^; 

ka  =  5x1 0'^'  cmVs 

Assuming  a  plasma  density  of  1x10^'  cm'^,  Te  =  0.5  eV,  and  25  mTorr  O2,  we  find  t:(02^)  = 
350  ps,  T:(Ar^)  =  22  ps,  and  r  (O^)  =  55  ps.  Clearly,  these  gas  phase  reactions  cannot  account 
for  the  temporal  behavior  of  the  ion  flux.  Most  importantly  can’t  account  for  the  peak  in  the 
ion  fluxes. 


APPENDIX  B 

The  model  used  for  the  time-dependent  emission  coefficient  and  resulting  current  was  done 
in  an  “Origin”  spreadsheet  using  a  code  developed  with  “Lab  Talk”.  The  emission  coefficient 
(Fig.  15(a)),  was  found  by  assuming  a  constant  yield  value  before  (and  after)  the  high  voltage 
pulse,  a  linearly  decreasing  value  during  a  fraction  of  the  pulse,  and  a  constant  value  for  the 
remainder  of  the  pulse.  The  cathode  currents  in  the  gas  mixtures  were  then  calculated  using 
Eq.  3,  where  f  is  the  cathode  current  in  the  pure  argon  and  fc  is  the  cathode  currents  in  the 
gas  mixtures.  The  spreadsheet  script  was; 

sta=l  .42  (starting  secondary  emission  yield  coefficient) 

fin=0.980  (steady-state  secondary  emission  yield) 

de=(sta-fm)/200  (data  points  to  get  to  steady-state;  time) 

loop  (ii,l,100){col(se)[ii]=sta}  (pre-pulse  yield) 

loop  (ii,101,301){col(se)[ii]=sta-((ii-101)*de)}  (linear  drop  in  yield) 

loop  (ii,302,71  l){col(se)[ii]=col(SE)[301]}  (steady-state  yield) 

loop  (ii,712,1002){col(se)[ii]=sta}  (post-pulse  yield) 

col(IcSE)=col(Ica)+(col(se)*col(Ica))  (  fcSE  =  cathode  current  in  mixture; 

lea  =  cathode  current  in  pure  Argon) 
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